Plant cells contain subcellular lipid droplets with a triacylglycerol matrix enclosed by a layer of phospholipids and the small structural protein oleosin. Oleosins possess a conserved central hydrophobic hairpin of approximately 72 residues penetrating into the lipid droplet matrix and amphipathic amino-and carboxyl (C)-terminal peptides lying on the phospholipid surface. Bioinformatics of 1,000 oleosins of green algae and all plants emphasizing biological implications reveal five oleosin lineages: primitive (in green algae, mosses, and ferns), universal (U; all land plants), and three in specific organs or phylogenetic groups, termed seed low-molecular-weight (SL; seed plants), seed high-molecular-weight (SH; angiosperms), and tapetum (T; Brassicaceae) oleosins. Transition from one lineage to the next is depicted from lineage intermediates at junctions of phylogeny and organ distributions. Within a species, each lineage, except the T oleosin lineage, has one to four genes per haploid genome, only approximately two of which are active. Primitive oleosins already possess all the general characteristics of oleosins. U oleosins have C-terminal sequences as highly conserved as the hairpin sequences; thus, U oleosins including their C-terminal peptide exert indispensable, unknown functions. SL and SH oleosin transcripts in seeds are in an approximately 1:1 ratio, which suggests the occurrence of SL-SH oleosin dimers/multimers. T oleosins in Brassicaceae are encoded by rapidly evolved multitandem genes for alkane storage and transfer. Overall, oleosins have evolved to retain conserved hairpin structures but diversified for unique structures and functions in specific cells and plant families. Also, our studies reveal oleosin in avocado (Persea americana) mesocarp and no acyltransferase/lipase motifs in most oleosins.
Eukaryotes and prokaryotes contain neutral lipids in subcellular droplets for food reserves and other purposes (Hsieh and Huang, 2004; Rajakumari et al., 2008; Thiam et al., 2013; Pol et al., 2014) . These lipid droplets (LDs) are present in seeds, pollen, flowers, fruits, and some vegetative organs of higher plants; the vegetative and reproductive organs of algae, primitive plants, fungi, and nematodes; mammalian organs/tissues such as mammalian glands and adipose tissues; and bacteria. Vegetative oils from plant LDs have been extensively used for food and nonfood purposes. Recently, studies of LDs have attracted major attention after they were recognized to participate in the industrial manufacture of renewable biodiesels in photosynthetic organisms (Merchant et al., 2012; Aguirre et al., 2013) and high-value lipid-related products (Garay et al., 2014) in diverse organisms as well as human diseases related to obesity and host-pathogen interactions (Saka and Valdivia, 2012; Krahmer et al., 2013) .
Of all these LDs, those in seeds are the most prominent and were extensively studied early on (Hsieh and Huang, 2004; Chapman et al., 2012; Murphy, 2012) . Seeds of most plant species store oils (triacylglycerols [TAGs] ) as food reserves for germination and postgermination growth. TAGs are present in small subcellular spherical LDs (also called oil bodies or lipid bodies) of approximately 0.5 to 2 mm in diameter. Each LD has a matrix of TAGs surrounded by a layer of phospholipids (PLs) and structural proteins termed oleosins (Hsieh and Huang, 2004; Chapman et al., 2012; Murphy, 2012) . The small size of LDs provides a large surface area per unit of TAG, which would facilitate lipase binding and lipolysis during germination. LDs inside the cells of mature seeds or in isolated preparations are stable and do not aggregate or coalesce. This stability is in contrast to the instability of artificial liposomes made from amphipathic and neutral lipids; liposomes generated via sonication will gradually coalesce. Also, LDs in yeast and numerous mammalian cells, as well as extracellular lipoproteins in mammals and insects, are unstable because they undergo dynamic metabolic fluxes of their surface and matrix constituents (Rajakumari et al., 2008; Thiam et al., 2013; Pol et al., 2014) . Seed LDs are stable because their surface is shielded by a layer of oleosins, which has a long hydrophobic stretch penetrating into the LD matrix for firm anchorage; thus, seed LDs are for long-term storage, especially in desiccated seed (Shimada et al., 2008) . In maturing seeds, TAGs, PLs, and oleosins are synthesized in endoplasmic reticulum (ER), from which budding LDs are released.
An oleosin molecule can be divided into three portions according to its amino acid sequence. The N-terminal peptide is usually short and amphipathic. The C-terminal peptide can be short or long and amphipathic, and its polypeptide adjacent to the central hydrophobic portion could form an amphipathic a-helical structure interacting horizontally with the PL layer on the LD surface. The N-and C-terminal peptides on an LD may act as a receptor for the binding of lipase for TAG degradation or other metabolic enzymes or regulatory proteins.
The central hydrophobic portion of 72 uninterrupted nonpolar residues is the hallmark of an oleosin. No other protein in any organism has such a long hydrophobic stretch. Proteins on the surface of extracellular lipoproteins or intracellular LDs, such as apolipoproteins, perilipin, adipophilin, and caveolin in mammals, phasin in bacteria, and lipid-associated protein in plastids, do not have a long hydrophobic stretch (Rajakumari et al., 2008; Thiam et al., 2013; Pol et al., 2014) ; their polypeptides run parallel to the surface of rather than penetrate into the LDs. The 72-residue hydrophobic stretch of an oleosin could form a hairpin penetrating the surface PL monolayer of an LD into the matrix. The center of the hydrophobic stretch has three Pro residues and one Ser residue that could interact among themselves to form a Pro knot in the hydrophobic environment of the TAG matrix. The resulting hairpin structure would have a loop of 12 residues joining two arms each of approximately 30 residues. The 72 residues of the hydrophobic stretch are conserved largely in terms of hydrophobicity among oleosins of diverse species, and the conservation is higher at the loop (-PX 5 SPX 3 P-, X being a nonpolar residue) and its immediate vicinity. Although the hairpin structure of an oleosin molecule has been well established, the secondary structures of the loop and the two arms (a-helices proposed by Alexander et al. [2002] and b-sheet proposed by Li et al. [2002] ) remain uncertain.
Oleosin genes are present in diverse plant species and green algae and absent in all other organisms. Arabidopsis (Arabidopsis thaliana) has 17 oleosin genes: five expressing in seed, three in both seed and pollen, and nine (eight in tandem) in the floral tapetum cells (Kim et al., 2002) . Minor proteins present in isolated seed LD fractions of some species have been termed caleosin and steroleosin (Chapman et al., 2012; Murphy, 2012) . These latter proteins do not have a long hydrophobic sequence, even though they have a short sequence similar to but much less conserved than the Pro loop in oleosins. Their mode of association with LDs and possibly other subcellular locations, as well as their functions, are unknown.
At least 1,000 oleosin genes in advanced and primitive plant species and their ancestor green algae can be found in diverse public databases and publications. Comprehensive and careful bioinformatics analyses of these genes could yield important information on the evolution of the genes and proteins and provide guidance for future studies of LDs, oleosins, and other LDassociated proteins. Several bioinformatics studies of oleosins have been reported recently. They involved the analysis of limited numbers of oleosin genes (73, 21, 17 , and approximately 100 by Liu et al. [2012] , Umate [2012] , Hyun et al. [2013] , and Fang et al. [2014] , respectively) in restricted species and did not consider sufficiently the biological relevance and drew some unsubstantiated conclusions. These conclusions included that, during evolution, species-specific expansion in oleosin gene numbers continued to expand from primitive plants to seed plants, that pollen-specific oleosins had been subjected to a high degree of evolutionary dynamics, and that the introns were gained early on evolution and then lost. These conclusions need to be revised or abandoned, as will be documented here.
We performed a comprehensive analysis of 1,000 oleosin genes from green algae and all plant groups. These genes were obtained from assembled and unassembled, complete and incomplete genome sequences, as well as transcriptomes of specific cells/tissues, in available Web sites and publications. In our analysis of the genes and their encoded oleosins, we gave serious consideration to the evolutionary significance and biological relevance. From these analyses, we have established five distinct oleosin lineages. Evolution from one lineage to the next has been delineated via the lineage intermediates in species at phylogeny junctions. In side tracks, we found the presence of an oleosin transcript in avocado (Persea americana) mesocarp (thus altering the long-held view of fruit mesocarp lacking oleosins) and the absence of acyltransferase and lipase motifs in all oleosins except one peanut (Arachis hypogaea) oleosin (thus expressing a reservation on oleosins being a bifunctional enzyme). Here, we report our findings. We used the whole protein sequences and the conserved sequences of the central hydrophobic portion of several oleosins of Arabidopsis and green algae as queries for extensive searches from Web sites and publications for oleosin genes and transcripts. More than 1,000 oleosin genes of green algae and diverse plant species were found. Some of the gene sequences could represent the same or related alleles with minimal differences in nucleotides in the same or closely related species (i.e. closely related paralogs and orthologs) or the consequence of minor sequencing errors or incomplete sequencing of the same genes. After omitting these likely redundant sequences, we retained 800 to 850 DNA-deduced oleosin sequences (Supplemental Table S1 ) for all subsequent analyses. Our extensive searches confirmed what our laboratory had reported earlier (Huang et al., 2013b) : that organisms other than plants and their ancestor green algae do not possess oleosin genes.
RESULTS AND DISCUSSION
We assembled the oleosins into an unrooted phylogenetic tree constructed according to whole protein sequences by the neighbor-joining method with the use of ClustalX and 1,000 bootstrap replicates (Fig. 1) . Use of the 72-residue hairpin sequences instead of the whole protein sequences generated a very similar tree. Oleosins of five lineages were identified and termed primitive (P; in algae, mosses, and ferns), universal (U; in all land plants), seed low-molecular-weight (SL; in seeds of gymnosperms and angiosperms), seed high-molecularweight (SH; in seeds of angiosperms), and tapetum (T; in tapeta of Brassicaceae) oleosins. The general characteristics of the linear sequences of the five lineages are shown in Figure 2A . Several oleosins possessing intermediate characteristics of two adjacent lineages exist in species at phylogeny junctions and were used to analyze the evolutionary relationship between two lineages (to be described). When we computed diverse oleosins for numerical values (to be shown below in Fig. 3 , Supplemental Table S4 , and Supplemental Figs. S1 and S7), we tried to avoid potential bias toward the many Brassicaceae species with sequence information by using only two species, Arabidopsis and Brassica rapa, from this family.
All oleosins possess an uninterrupted approximately 72-residue central hydrophobic hairpin, which includes the most conserved 12-residue Pro loop (PX 5 SPX 3 P) at its center and two approximately 30-residue arms. We performed a pileup of this central hydrophobic hairpin in oleosins of each lineage and computed the prevalence of residues at each residue location. Figure 3 shows the results with the SL oleosin lineage, and similar results for the other four lineages are shown in Supplemental Figure S1 . In SL oleosins, for the loop PX 5 SPX 3 P, most (95%-100%) of the X residues are the four most nonpolar residues of Ile, Val, Leu, and Phe. In the two approximately 30-residue arms, the residues are represented by both the above four most nonpolar residues and the four relatively polar residues of Ala, Gly, Thr, and Ser. Pairing of relatively polar residues and most nonpolar residues along the two antiparallel arms is apparent, even though the secondary structure of the hairpin (a-helical or b-sheet) is unknown. Cys and Met, of intermediate polarity and with precious reduced sulfur, are present infrequently along the hairpin, which could reflect that they are not required for structural/functional needs. Trp and Tyr with a phenolic ring and moderate polarity occur infrequently but are highly conserved near the openings of the hairpin, which could reflect structural/functional needs. The basic Lys and Arg are highly conserved at the junctions between the hairpin and the LD surface for possible interactions with the acidic phosphate groups of PLs for stability. Figure 4 shows the number of oleosin genes of the five lineages in green algae, mosses, ferns, gymnosperms, and angiosperms arranged according to advances in phylogeny. It includes species whose genomes have been sequenced and a few green algae, Figure 1 . Unrooted phylogenetic tree of approximately 600 oleosins from green algae, primitive plants, and seed plants. The amino acid sequences of the oleosins were aligned with ClustalX version 2 and default settings. The phylogenetic tree was constructed using the neighbor-joining method in ClustalX software. The scale bar indicates the number of amino acid substitution per site. The five major lineages shown within colored enclosures are those of P (in blue), U (in yellow), SL (in pink), SH (in purple), and T (in green) oleosins. Oleosins and their species origins present in this tree can be found in Supplemental Table S1 . This twodimensional drawing shows overlapping and evolutionary origination between P and U, U and SL, and SL and SH. No overlapping occurs between SH and T. In a two-dimensional drawing of a tree having SL adjacent to T, overlapping between some SL and T oleosins occurs (for explanation, see text). Angio, Angiosperm; Gymno, gymnosperm.
ferns, and gymnosperms whose genomes have not been sequenced but whose transcriptomes of specific cells or tissues or developmental stages are available. These latter inclusions allow us to fill in the gaps in understanding oleosin evolution, although the number of oleosin genes in these species (with no completed genome sequences) could be underrepresented. Regardless, in each lineage, the number of oleosin genes of a lineage usually increased immediately after its evolutionary appearance in a new phylogenic group and then has remained small, one to four per haploid genome. Exceptions are the six P oleosins in Asplenium Figure 2 . Summary of the characteristics and evolution of oleosins of the five lineages. A, Major characteristics of oleosins of the five lineages. The Pro loop is shown as pro. B, Schematic illustrations of the evolutionary transition of oleosins from one lineage to the next. Oleosin-like protein in C. reinhardtii possesses one short hydrophobic hairpin and two additional, shorter hydrophobic hairpins, and its transcript appears during LD accumulation. It is depicted as an oleosin precursor, although it could be a degenerating remnant of P oleosin. C, Cartoon of the evolution of oleosins of the five lineages.
platyneuron, the four to nine T oleosins in Arabidopsis (to be described), and higher numbers in some species with recent whole-genome duplications or triplications (Fig. 4) . These findings disagree with a major conclusion in an earlier report ) of a continuous increase in oleosin gene numbers during evolution. That earlier study used select species and did not include Selaginella moellendorffii with eight oleosins or consider recent whole-genome duplications and the biology and evolution of T oleosins. (Fig. 5) ; the T oleosin transcripts in Arabidopsis flowers (to be shown in Fig. 7D) ; and the U, SL, and SH oleosin transcripts in different organs in diverse species (Supplemental Table S2 ). Thus, approximately one to two active oleosin genes can satisfy the needs of specific cells and organs, even in seeds (SL and SH oleosins), pollen (U oleosins), and anther tapeta (T oleosins), which possess abundant oleosins for the plentiful LDs. Apparently, the promoters (or other regulatory elements) of one to two oleosin genes in each lineage have become active and dominated during evolution. Presumably, the lesser active genes do not play a major role but have not yet been selected against to extinction.
Introns in Oleosin Genes Occur Sporadically in All Five Lineages without an Apparent Evolutionary Trend
Introns are present infrequently in oleosin genes of the five lineages except those in the Brassicales (Supplemental Table S1 ). If present, the intron generally occurs one per gene at a location immediately before or after the sequence encoding the hairpin stretch but occasionally can be present at the sequence encoding other portions of oleosin (the N terminus, the hairpin arms and loop, and the C terminus). Most oleosin genes in species of class Brassicales contain an intron. In Arabidopsis, an intron is present in all SL, SH, and T oleosin genes but absent in all U oleosin genes. In other Brassicales species, the presence and pattern of occurrence of introns vary greatly among species and oleosin genes and do not have an apparent trend. Our findings of the infrequent occurrence of introns across diverse species without an apparent evolutionary pattern in the plant kingdom show that intron insertion and deletion during evolution were multiple and isolated events. They negate the earlier suggestion that introns were gained early in evolution and then lost .
Among all the P oleosin genes in green algae and primitive plants, only those in Physcomitrella patens possess introns (Supplemental Table S1 ). We caution, though, that most of the P oleosins were obtained from RNA sequencing (RNA-seq) databases, which do not provide intron information. P. patens has an intron in two of the three P oleosins, and alternative splicing has provided the sophistication of differential tissue/cell specificity of gene expression of the same oleosin gene (Huang et al., 2009) . Among seed plants, only Arabidopsis has ample databases for a thorough analysis of all its 17 oleosin genes. We found no evidence of alternative splicing of individual U (no intron), SL (all with one intron), and SH (all with one intron) oleosin genes. For Arabidopsis T oleosin genes (all with one intron), alternative splicing was detected in T1 (three possible transcripts) T3 (two transcripts), T4 (two transcripts), Figure 3 . Occurrence of amino acid residues of defined characteristics along the hairpin of SL oleosins on an LD with a surface monolayer of PLs. The oleosin polypeptide is depicted as having 15 residues at each of the amphipathic N-and C-terminal peptides on the PL surface and 72 residues of the hairpin inserted into the TAG matrix. Residues at the hairpin are computed largely from 211 SL oleosins of diverse angiosperms shown in Figure 4 ; the exception is that in Brassicaceae, only those in Arabidopsis and B. rapa are used to avoid potential computation bias toward the many Brassicaceae species with sequence information. Residues are grouped according to polarity and size as indicated and symbolized. Flexible regions are shown along the hairpin, where the four smallest and relatively polar residues facing each other in the antiparallel arms could allow bending of the hairpin, resulting in more bonding and stability. Similar plots of oleosins of the other four lineages (P, U, SH, and T) are shown in Supplemental Figure S1 .
T5 (three transcripts), and T9 (two transcripts) oleosin genes that could produce T oleosins with slightly different C-terminal sequences, but these alternative splicing events did not lead to apparent differential tissue/cell expression.
P Oleosins Evolved in Green Algae and Are Present in Green Algae, Mosses, and Ferns
Oleosin genes are absent in prokaryotes and protists except green algae, whose ancestors evolved to become primitive plants and then seed plants. In an unrooted phylogenetic tree of all oleosins (Fig. 1) , P oleosins are present in green algae, mosses, and ferns. They already possess the major characteristics of all oleosins, including a 72-residue central hydrophobic hairpin with the highly conserved loop PX 5 SPX 3 P and the flanking N-and C-terminal amphipathic peptides ( Fig. 2 ; Supplemental Fig. S2 ). Still, the lengths of their N-terminal peptides (14-56 residues) and C-terminal peptides (36-75 residues) among P oleosins of different species are vastly different.
The most primitive green alga studied, Chlamydomonas reinhardtii, has one P oleosin gene. The P oleosin gene number increases in more advanced green algae and mosses. Cosmarium turpinii and Closterium acerosum each have two genes, Spirogyra grevilleana has three, and Species included are those whose genome sequences are available. Exceptions are some species in green algae, mosses, and ferns, whose oleosin transcripts in transcriptomes are used to fill in the evolutionary gaps; phylogenetic branches of these organisms are shown in gray. Recent whole-genome duplications or triplications resulting in polyploidy (CoGepedia; https:// genomevolution.org/wiki/index.php/ Plant_paleopolyploidy) are marked. Evolutionary transitions from one lineage to the next are marked with yellow highlights, which are described in the text.
the moss P. patens has three (Fig. 4) . The gene number reaches four in the more advanced moss S. moellendorffii and six in the primitive fern A. platyneuron and decreases in more advanced ferns concomitant with the evolutionary appearance of U oleosin genes of the nextlevel lineage.
In C. reinhardtii, the P oleosin gene expresses, but not actively. Its transcript was barely detectable, and its encoded P oleosin was not detected in the total cell extract or isolated LDs (Huang et al., 2013b) . In the more advanced green alga S. grevilleana, P oleosin transcript was present in transcriptomes and detected with reverse transcription (RT)-PCR, and P oleosin in isolated LD fractions was detected, although barely, with the most sensitive method of proteomics. In the moss P. patens, isolated LD fractions contained easily detectable amounts of P oleosins, even though the amount was not as high as the SL and SH oleosins in seed LD fractions. P. patens LDs in isolated fractions were large and of irregular sizes (1-10 mm in diameter; Huang et al., 2009 ). All these findings indicate that, in green algae and mosses, the LDs are not coated abundantly with P oleosins, contrary to the angiosperm seed LDs, which are completely covered with SL and SH oleosins. As evolution proceeded, the amount of P oleosin increased from C. reinhardtii to P. patens. Green algae and primitive plants possess low numbers of P oleosin genes, as do angiosperms with low numbers of SL and SH oleosin genes. Yet, P oleosins are scarce in green algae and primitive plants, whereas SL and SH oleosins are abundant in seeds of angiosperms. Thus, the low amounts of P oleosins in green algae and mosses could be due to the weakness of the gene promoter (or other regulatory mechanisms). Regardless, LDs in situ in green algae and mosses are small, about 1 to 2 mm in diameter (Huang et al., 2009 (Huang et al., , 2013b , and therefore should have other amphipathic molecules, such as lipid-metabolizing enzymes, on the surface, stabilizing the LDs in the hydrophilic cytosol. This situation could be similar to the LDs in yeast, which possess no known structural proteins but numerous lipid-metabolizing enzymes (Ting et al., 1998; Rajakumari et al., 2008) .
The expression of P oleosin genes could have become cell specific when primitive green algae evolved from unicellular to multicellular organisms. Testing this possibility in green algae would encounter difficulties in isolating different cell types for RT-PCR analysis or in in situ RNA hybridization of the low-level transcripts (Huang et al., 2013b) . Nevertheless, in the moss P. patens, with larger gametophyte and sporophyte, cell-specific expression of the three P oleosin genes in various cell types has been demonstrated (Huang et al., 2009) .
C. reinhardtii and the closely related Volvox carteri, but not the more advanced green algae, possess a gene encoding an oleosin-like protein that has the highly conserved loop PX 5 SPX 3 P flanked not by two long (approximately 30 residues each) hairpin arms but by short arms of eight and four nonpolar residues (James et al., 2011; Huang et al., 2013b ; Fig. 2B ; Supplemental  Fig. S2 ). This oleosin-like gene in C. reinhardtii, similar to the P oleosin gene, expresses during the peak of LD accumulation, albeit not actively. This oleosin-like protein could represent the precursor of P oleosins; however, we cannot eliminate the possibility that this protein is a degenerating remnant of P oleosin.
The advanced moss S. moellendorffii and the various ferns possess not only P oleosin genes but also U oleosin genes of the next-level lineage (Fig. 4) . S. moellendorffii has four P and four U oleosin genes. Its four U oleosins (and all the U oleosins of several ferns; Figure 6. Characteristics of U oleosins in representative land plants. A, Pileup of the sequences of U oleosins from mosses to representative seed plants (the selection of representations is described in "Materials and Methods"). The highly variable N-terminal sequence, the conserved hairpin (divided into N-arm, Pro loop, and C-arm), and also the conserved (not conserved in oleosins of other lineages) C-terminal sequence are indicated. S and W residues in the X residues of the most conserved PX 5 SPX 3 P U oleosins in some species were earlier termed SM (found in seed and microspores; Kim et al., 2002) or M (having a molecular weight medial between those of SL and SH oleosins in some species; Fang et al., 2014) oleosins. U oleosins possess several characteristics that are absent in P oleosins and oleosins of the other lineages ( Figs. 2A and 6, A and B) . (1) U oleosin genes are universal in all land plants (from advanced mosses to angiosperms; Fig. 4 ) and, therefore, have been preserved during 200 millions of years of evolution. (2) Their C-terminal sequences are highly conserved, as high as the hairpin sequences are, in terms of length (approximately 50 residues), residues at corresponding positions, and the terminus of -AAPGA (Fig. 6A) . A comparison of the protein identities of U, SL, and SH oleosins of species of distinct phylogeny, Pinus spp. (Pinus taeda and Pinus pinaster), Amborella trichopoda, Oryza sativa, and B. rapa, with the orthologs in Arabidopsis, is shown in Figure 6C . In B. rapa, the hairpins of U, SL, and SH oleosins have 73% to 91% identity as compared with the corresponding entities in Arabidopsis; only the C-terminal sequence of U oleosin, but not the N-terminal sequence of U oleosin or the C-and N-terminal sequences of SL and SH oleosin, are also highly conserved (75% versus 15%-41%). This pattern of conservation persists in the distant monocot (O. sativa) or less advanced species (A. trichopoda and Pinus spp.), even though the percentage identity gradually deceases (Fig. 6C) , because all comparisons are made with the dicot Arabidopsis. (3) U oleosin transcripts are present at low levels (not detected in many transcriptomes or with other sensitive approaches) in organs/tissues, including seed and microspores (pollen), leaves, and roots, etc., of land plants ( Fig. 5 ; Supplemental Table S2 ). Even in pollen/microspores (isolated, in separated anthers or whole flowers), which possess fairly abundant LDs, U oleosin transcripts are present mostly in small numbers (dozens) of RPKM (Supplemental Table S2 ). In the total extract of pollen from Arabidopsis, U oleosins were detected via immuno-SDS-PAGE with U oleosin-specific antibodies (Kim et al., 2002) . In maturing seeds of Arabidopsis, B. distachyon, G. max, and Z. mays, where LDs are abundant and SL and SH oleosins dominate, U oleosin transcripts (in dozens of RPKM) represent less than 1% of total oleosin transcripts (Fig. 5) . Overall, U oleosins are not abundant in various organs/tissues of diverse plants in terms of levels of transcripts and protein, and in many organs, their transcripts were not detected.
The function of U oleosins is intriguing and needs future elucidation. U oleosins may serve a housekeeping function that is indispensable, because they were evolved 200 million years ago and their genes are preserved in all land plants. Their amounts could elevate upon a physiological/metabolic need of LD accumulation in specific cells and plant groups.
Whereas green algae, mosses, and ferns possess only U oleosins, all gymnosperms (Pinus spp., Picea abies, and Ginkgo biloba) and A. trichopoda (a primitive angiosperm; Fig. 4 ) have one U oleosin gene and one to four SL oleosin genes (SL being derived from U oleosin; see below). Some of the gymnosperm SL oleosins possess U-SL intermediate sequence characteristics and appear at the junction between the U and SL oleosin clades in a phylogenetic tree (Supplemental Fig. S3B ). Our observations revise an earlier statement that pine had only one lineage of oleosins (termed U oleosin in this report) as the most primitive oleosins in land plants (Fang et al., 2014) . SL oleosin, once evolved from U oleosin, evolved rapidly to SH oleosin, because gymnosperms (Pinus spp., P. abies, and G. biloba) and the primitive angiosperm A. trichopoda all have one U oleosin and one to four SL oleosins but no SH oleosin, whereas all of the more advanced angiosperms have U, SL, and SH oleosins (Fig. 4) . The transition status of Pinus spp.-SL1 (a U-SL intermediate) is reflected in its (and the other gymnosperm orthologs') situating between the U and SL oleosin clades in a phylogenetic tree (Supplemental Fig. S3B ) and (along with Pinus spp.-U1) being present in both male flowers (U oleosin being present universally, including in male flowers) and seeds (becoming seed specific; Supplemental Table S2 ). Similarly, the transition status of A. trichopoda-SL1 (an SL-SH intermediate) is revealed in its situating between the SL and SH oleosin clades in a phylogenetic tree (Supplemental Fig. S3B ) and possessing a half-length H peptide (Supplemental Fig. S3A ; see below). SL and SH oleosins share common features (Figs. 2A, 5, and 6) . They are present only in seeds. Their C-terminal sequences have lost the conservation shared by all U oleosins. Their C-terminal peptides immediately adjacent to the hairpin form well-defined amphipathic a-helices interacting with the underlying PL (specifically, phosphatidylcholine) layer on an LD (Z. mays SL1 in Vance and Huang, 1987, and Z. mays SH1 in Qu and .
SL and SH oleosins have features distinguishing the two lineages ( Fig. 2A; Supplemental Fig. S3 ). The most obvious distinction is that in their C-terminal sequences, SH oleosins possess an extra 18-residue sequence (Supplemental Fig. S3 ). This extra sequence has some similarity with segments downstream in the C-terminal sequence in SL oleosin (and SH oleosin also) and, therefore, is considered to have derived from internal duplications, via gene mutation, of a segment of the C-terminal peptide of SL oleosin. The extra 18-residue peptide gives SH oleosin in general a molecular weight higher than that of SL oleosins; thus, we assigned the names SL and SH oleosins (earlier L and H isoforms, respectively; Tzen et al., 1990) . Because of the differences in molecular weight and overall sequences, before the availability of abundant oleosin gene sequences, SL and SH oleosins were found to be present in diverse monocots and dicots and separable as well as immunologically distinct on SDS-PAGE gels (Tzen et al., 1990) .
All angiosperms, excluding the most primitive A. trichopoda, possess one to four each of SL and SH oleosin genes per haploid genome (Fig. 4) . In species with available transcriptome data (Arabidopsis, B. distachyon, G. max, and Z. mays), both SL and SH oleosin transcripts are present in maturing seed and, in general, from only approximately one to two genes of each lineage (Fig. 5) . U oleosin transcripts represent approximately 1% of the total seed oleosin transcripts. The combined levels (in RPKM) of SL oleosin transcripts and SH oleosin transcripts are usually at an approximately 1:1 ratio (Fig. 5) . This ratio suggests that, in vivo, SL oleosins and SH oleosins are at a 1:1 ratio of a dimer or a multimer, assuming the absence of differential posttranscriptional controls. This suggestion is consistent with earlier observations that, in both the diploid embryos and the triploid aleurone layer of diverse Z. mays lines, despite their being products of recent and intensive breeding, the ratio of SL and SH oleosin transcripts as well as oleosin proteins in isolated LDs is always approximately 1:1 (Lee et al., 1995) . Having SL and SH oleosin dimeric or multimeric complexes would also explain the retention of SL and SH oleosin genes and their approximately 1:1 transcript:protein levels throughout the evolution of angiosperms.
Overall, SL oleosins directly and SH oleosins indirectly evolved from U oleosin to be specialized in seeds with the following characteristics. (1) They maintain the highly conserved hairpin in U oleosin but have lost the equally highly conserved C-terminal sequence, which is not needed for their specialized role on seeds. (2) SL and SH oleosin gene promoters have been modified for maturing seed expression, instead of ubiquitous and very low expression of the U oleosin genes. (3) SL and SH oleosin genes have their promoters (or other regulatory elements) modified for high expression, such that even though their gene number is similar to that of U oleosin genes (one to four per haploid genome), they produce plentiful SL and SH oleosins to completely cover the surface of the abundant LDs. In Arabidopsis, maturing seed has 57,078 RPKM and 58,931 transcripts per million of total SL and SH oleosin transcripts (Fig.  5A) , roughly equivalent to 5.9% of total seed transcripts, and mature seed has an approximately similar percentage of the total seed proteins being oleosins (Kim et al., 2002) . The seed-specific and active promoters of SL or SH oleosin genes from Brassicaceae species have been used for high expression of foreign genes in seeds (Lee et al., 1991) . (4) SL and SH oleosins have become dimers/multimers on LDs for an undefined function.
T Oleosins, Evolved from SL Oleosin and Present in Tapeta of All and Only Brassicaceae Species, Are Encoded by Three to Eight Genes in a Tandem Cluster
T oleosins enclose LDs of alkanes in the tapeta of Arabidopsis and other Brassicaceae species (Wu et al., 1997; Hsieh and Huang, 2007; Huang et al., 2013a) . Numerous LDs and ER-derived flavonoid-containing vesicles associate to form a larger tapetosome of approximately 2 to 3 mm in diameter. Tapetosomes, dozens per cell, upon programmed cell death, move with their alkanes and flavonoids to the microspore surface, forming a functional pollen coat. Arabidopsis has nine T oleosin genes, eight being in tandem, all on chromosome 5 (Fig. 7A ). In the order Brassicales, only and all species of family Brassicaceae possess T oleosin genes.
The shared synteny among the T oleosin gene clusters in Arabidopsis, B. rapa (containing three sets of Brassica genomes), and Aethionema arabicum (of the most primitive genus in Brassicaceae studied) are shown in Figure 7A . In Arabidopsis, T1 to T7 and T9 oleosin genes are in tandem in a cluster of 30 kb on chromosome 5, and the T8 oleosin gene is at a distant 22 Mb downstream on the same chromosome. B. rapa has three sets of T oleosin gene clusters as a result of its being a mesohexaploid with C, B, and A genomes; the arrangements of T oleosin genes in each of the three clusters are fairly similar among themselves and to that of Arabidopsis. A. arabicum has at least three T oleosin genes in the T oleosin gene cluster region (3.5-kb sequence in the cluster region is not available). T oleosin genes are completely absent in Cleomaceae (the family closest to Brassicaceae; Huang et al., 2013a) per se and in the chromosome syntenic region, and T oleosin genes are already in multiple tandem copies in A. arabicum (Fig. 7, A and  B) . Thus, T oleosin genes began to appear and quickly multiplied to form a cluster in a newly evolved Brassicaceae species.
In general, compared with SL oleosins, T oleosins have shorter N-terminal but longer C-terminal sequences (Fig. 2, A and B) . The following observations in combination have allowed us to conclude that, in an ancient Brassicaceae species, an SL2 oleosin gene evolved to a T oleosin gene (in Arabidopsis, it is the T8 Figure 7 . Relationship among SL2, T8, and other oleosins and their genes of Arabidopsis and related Brassicales species. A, Synteny relationship of the Toleosin gene cluster regions among Arabidopsis, B. rapa, and A. arabicum. Red, orange, and green genes represent those encoding oleosins, At5g07500 (encoding a zinc-finger transcription factor), and At5g07580 (an ethyleneresponsive factor), respectively. Other neighbor genes (all shown in black) include At5g07460 and At5g07470 (encoding Met sulfoxide reductase), At5g07480 (karrikin up-regulated oxidoreductase), At5g07490 (an unknown protein), AT5g07570 (Gly/Prorich protein), At5g07590 (WD40 repeat proteins), At5g07610 (an F-box family protein), and At5g07620 (protein kinase superfamily protein). Vertical lines highlight orthologs. B, Synteny relationship of the T oleosin gene cluster regions (At5g07510 to At5g07600), T8 oleosin gene region (At5g61610), and SL2 oleosin gene region (At5g51190) in Arabidopsis, T. hassleriana (sym. Cleome hassleriana and Cleome spinosa), and C. papaya. Color-coded genes are the same as those in A. In Arabidopsis, the T cluster, T8, and SL2 oleosin genes are all on chromosome 5, and the gene numbers of the neighbor genes are labeled. Syntenic genes in T. hassleriana and C. papaya related to those of Arabidopsis are labeled with the gene numbers of Arabidopsis. Some orthologs are highlighted with vertical lines; other orthologs are not highlighted to avoid excessive complexity of the illustration. The small red triangle on the T. hassleriana DNA indicates the hypothetical location if a T oleosin gene were to exist. C, Phylogenetic tree of all 17 oleosins (T, SL, SH, and U) in Arabidopsis constructed with the distance matrix and neighbor-joining module provided by PHYLIP. Bootstrap probabilities estimated by neighbor joining with 1,000 replications are shown on the internal nodes using the neighbor-joining method in ClustalX software. The scale bar indicates the number of amino acid substitutions per site. T8 and SL2 oleosins are highlighted in yellow. D, Transcript levels of all Arabidopsis SL, SH, and T oleosins in flowers (stage 12; containing T oleosins in tapeta) and maturing seeds (12 d after pollination; NCBI; http://www.ncbi.nlm.nih.gov/). SL2, SH2, and T8 oleosin transcripts were present in both flowers and seeds. T8 and SL2 oleosins are highlighted in yellow.
oleosin gene at 22 Mb downstream of the T oleosin gene cluster), which in turn evolved to other T oleosin genes in a cluster ( Fig. 7; Supplemental Fig. S4). (1) Arabidopsis has shared synteny among the SL2 oleosin gene region, the T8 oleosin gene region, and the T oleosin gene cluster region (Fig. 7B) . The shared synteny among the three chromosome regions also exists, albeit to a lesser extent, in the corresponding chromosome regions in Tarenaya hassleriana (a species without a T oleosin gene in Cleomaceae, the family closest to Brassicaceae) and Carica papaya (a species without a T oleosin gene in Caricaceae, a distant family of Brassicaceae in Brassicales). (2) In a phylogenetic tree of the 17 Arabidopsis oleosins constructed according to residue sequences, T, SL, SH, and U oleosins form four clades. In the tree, T8 and SL2 oleosins are relatively close (Fig. 7C) . Again, this relatively close relationship also exists between the T8 and SL2 oleosin orthologs in B. rapa and A. arabicum (Supplemental Fig. S4 ). (3) In Arabidopsis, T8 (and all other T) and SL2 (and its closely related SL1) oleosin genes each have one intron present immediately after the sequence encoding the hairpin stretch (Kim et al., 2002; Supplemental Table S1 ). In contrast, the three SH oleosin genes each has one intron present immediately before the sequence encoding the hairpin stretch, and none of the three U oleosin genes have an intron. (4) In Arabidopsis, T8 oleosin transcript is present in both flowers and seeds (more in seeds than in flowers in the transcriptome data shown in Fig. 7D , but much more in flowers than in seeds analyzed with RT-PCR [Kim et al., 2002] ), whereas all the other T oleosin transcripts are present exclusively in flowers (i.e. in the transcriptome data shown in Fig. 7D and analyzed with RT-PCR [Kim et al., 2002] ). Conversely, whereas other SL and SH oleosin transcripts are present solely or mostly in seeds, SL2 (and SH2) oleosin transcripts occur largely in seeds but some in flowers (in the transcriptome data shown in Fig. 7D ; both SL2 and SH2 oleosin transcripts are present only in seeds analyzed with RT-PCR [Kim et al., 2002] ). We take the dual expression in seeds and flowers of SL2 and T8 oleosin genes as evidence that T8 oleosin rather than another T oleosin initially came from SL2.
We examined Arabidopsis T and SL oleosin genes for positive or negative evidence of hypothetical mutations of the promoter region of the SL2 oleosin gene leading to its becoming a T8 oleosin gene with tapetum-instead of seed-specific expression. No appreciable pattern of sequence similarity or changes or existence and numbers of the regulatory motifs abscisic acid response element, gibberellin-responsive element response element, low-temperature responsive element, skinhead-1 binding element, and/or antioxidant-response element were found in the 500, 1,000, and 2,000 bp upstream of the coding sequences of SL2 and T8 oleosin genes. Our noncommittal finding reflects the current insufficient knowledge of the mechanism of changes in regulatory motifs in gene promoters leading to the evolutionary alteration of cell/tissue expression in multicellular organisms (Boyle et al., 2014) .
Earlier comparisons of nonsynonymous and synonymous substitution rates (K a /K s ratio) of T oleosin genes and neighbor genes in the T oleosin gene clusters among related Brassicaceae species reveal that the T oleosin genes evolved faster than their neighboring nonoleosin genes (Fiebig et al., 2004; Schein et al., 2004) . In this study, we compared the K a /K s ratio for all of the T, U, SL, and SH oleosin genes in different Brassicaceae species, as well as Tarenaya and Carica spp., with their orthologs in Arabidopsis (Supplemental Fig. S5 ). The K a /K s ratios are substantially highest among the T oleosins than those among U, SL, and SH oleosins, which implies that in Brassicales species, T oleosins evolved faster than oleosins of the other lineages. The ratios are mostly less than 1; thus, evolutionary changes of all the oleosins were due to purifying (stabilizing) selection rather than positive selection.
Pseudogenes with Apparently Nonfunctional OleosinCoding Sequences Occur Abundantly Only in the Huge Genomes of Gymnosperms
Oleosin pseudogenes are defined as those with an apparently nonfunctional oleosin-coding sequence, which could include a putative oleosin-coding sequence with a premature stop codon or a frame shift or without a start codon. Pseudogenes are present sporadically in some of the plant species we examined but abundantly in gymnosperms. Supplemental Figure S6 exemplifies our findings. Arabidopsis, O. sativa, A. trichopoda, and S. moellendorffii do not have a single pseudogene, whereas the two gymnosperms Pinus spp. and P. abies have 29 and 17 pseudogenes, respectively. Gymnosperms such as Pinus spp. and P. abies contain huge genomes greater than 203 those in other representative species (Supplemental Fig. S6 ) but still the usual number, approximately 35,000 to 50,000, of active genes, and their vast DNA includes massive retrotransposons and junk (pseudo) genes (Kovach et al., 2010; Wegrzyn et al., 2014) . Thus, it is not surprising that we found numerous oleosin pseudogenes in the two gymnosperms.
Oleosin Transcripts Are Present in Fruit Mesocarp of Avocado
The fatty avocado mesocarp contains subcellular large LDs (one to a few per cell, of 10-to 30-mm diameter), which are not for food storage, as the small LDs (0.5-2 mm) described in this report are, but for the attraction of animals in seed dispersion and possibly other functions. The mesocarp possesses transcripts encoding proteins that were suggested to be present on the large lipid droplets and, thus, are termed LIPID DROPLET-ASSOCIATED PROTEINs (LDAPs; Horn et al., 2013) . LDAP was earlier called SMALL RUBBER PARTICLE PROTEIN (SRPP) for its possible presence on the secretory rubber particles in Hevea brasiliensis (Oh et al., 1999) . SRPP (LDAP) is a hydrophilic protein and does not have a long or short hydrophobic stretch. Avocado mesocarp was supposed to possess no oleosin (Murphy, 2012) . In our studies, Arabidopsis has three SRPP transcripts, which are ubiquitous in roots, leaves, flowers, pollen, and seed (http://www.arabidopsis. org/). In avocado mesocarp, two LDAP (SRPP) transcripts and one oleosin transcript are present in approximately the same quantity of several hundred RPKM (Supplemental Table S3 ). Whereas the oleosin transcript levels were highest at developmental stages when TAGs were most abundant, the two SRPP (LDAP) transcript levels had developmental patterns nonconcomitant with that of TAG accumulation. The avocado mesocarp oleosin is intriguing in that its sequence cannot be categorized easily into any of the five established oleosin lineages, and its loop contains unique Trp and Met residues not found in all other oleosins (Supplemental Table S3 ). The avocado (a dicot) mesocarp oleosin may represent a novel oleosin lineage (see "Conclusion"). Oil palm (Elaeis guineensis; a monocot) has no SRPP and oleosin transcripts in mesocarp but has U, SL, and SH oleosin transcripts in kernel (Supplemental Table S3 ). H. brasiliensis (rubber tree) latex and bark contain SRPP transcripts but no oleosin transcript (Supplemental Table S3 ). Whether, in avocado mesocarp, oleosin and/or LDAP (SRPP) are present on the surface of the subcellular large LDs requires further study. We analyzed the N-terminal residues in all oleosins by using the programming language Perl for residue signals that could confer low or high turnover of oleosins in accordance with the N-end rule (Tasaki et al., 2012) . None of the oleosins has an N-terminal ERtargeting peptide. The N-terminal residue of all oleosins (translated in silico from their genes) is Met. This Met in all P, U, SL, and SH oleosins and 43 of 120, or 35.8%, of T oleosins is predicted to be cleaved (TermiNator; http:// www.isv.cnrs-gif.fr/terminator3/). In P, U, SL, and SH oleosins, the exposed second residue of frequently Ala or Ser, followed by the third residue of Asp or Glu (Supplemental Table S4 ), is the determinant for low in vivo turnover of the protein. The second residue usually is not Cys, Asn, Gln, or other residues known to be determinant for high in vivo turnover of the protein. In T oleosins, the second and third residues are commonly Phe or Leu and Glu or Ser, respectively (Supplemental Table S4 ); these exposed residues (if the first Met is cleaved) or the first uncleaved Met is the determinant for low in vivo turnover of the protein. Overall, the N termini of oleosins possess no clear-cut signals indicative of high turnover of the proteins, in accordance with the N-end rule. It is uncertain whether oleosins, which play a dominant structural role in plants, would follow the N-end rule derived largely from analysis of mammalian and microbial proteins (Tasaki et al., 2012) . Oleosins usually do not have (769 of 806, 95.4%) the PEST sequence (rich in Pro, Glu, Ser, and Thr; Rogers et al., 1986) , whose presence could indicate instability of the proteins in vivo. Most if not all oleosins contain several Lys residues in the N-and C-terminal sequences. These Lys residues are, in addition to those immediately adjacent to the hairpin sequence, for presumed interactions with the phosphate groups of PLs on the LD surface. They could be the sites for ubiquitination, resulting in oleosin and thus LD degradation, which could occur during seed germination and seedling growth (Deruyffelaere et al., 2015) . These Lys residues usually do not occur at specific positions along the sequences of diverse oleosins and, thus, do not represent evolutionary conservation. We suggest that oleosin, being a structural protein and not associating with a metabolic pathway related to homeostasis, once synthesized and incorporated onto LDs, have longevity in maturing seed and are degraded in seedlings concomitant with mobilization of the storage TAGs and LDs.
Few oleosins contain Gly as the second residue in their sequences for possible myristoylation (Podell and Gribskov, 2004) . About 3% of oleosins have Gly at the second position, but these Gly residues are not expected to be myristoylated, according to the Myristolyation Prediction Program on ExPASy (http://www.expasy. org/). Many oleosins contain one or more Cys residues. These Cys residues could be for maintaining a specific protein structure or palmitoylation, with the attached palmitoyl moiety anchoring the protein on the LD surface. Nevertheless, they do not occur at defined positions along the oleosin sequences, and thus their existence may reflect fortuitous mutation events rather than conservation for specific functions. Oleosins are not expected to be glycosylated, because they have no N-terminal ER signal peptides and are synthesized on the cytosolic side of the ER and not expected to enter the subcellular secretory pathway. All oleosins do not have the CaaX motif at the C terminus for possible farnesyltransferation (Casey and Seabra, 1996) .
Most oleosins contain one or more residues of Tyr, Thr, and/or Ser in their sequence; these residues could be for general protein structures or phosphorylation. Phosphorylation would modify oleosins and, thus, the LD surface (Parthibane et al., 2012a) for involvement in or avoidance of metabolic activity, gain or loss of LD stability (susceptibility to proteolysis and lipolysis via binding to the hydrolases directly or via modulators), and/or binding to subcellular structures (e.g. glyoxysomes).
The N-and C-terminal peptides of oleosins could contain docking signals for binding lipase and glyoxysomes (peroxisomes). No such docking signals in oleosins or perilipins on mammalian LDs are known. Naturally, lipase must bind to LDs for lipolysis, as shown in Arabidopsis seed (Thazar-Poulot et al., 2015) . Phosphorylated perilipin interacts with lipase via a lipase moderator, a/b hydrolase domain-containing protein5, and binds to mitochondria via its C-terminal peptide; motifs in perilipin for these interactions are unknown (Wang et al., 2011) . Conversely, oleosins could act only as a physical barrier preventing LDs from contacting lipase and glyoxysomes until germination and only after they have been phosphorylated or proteolyzed (Parthibane et al., 2012a; Deruyffelaere et al., 2015) . Recently, a peanut oleosin (named OLE3 then and Arach.d-SL2 here) was shown to be a bifunctional enzyme exhibiting oleoyl-CoA:monoacylglycerol acyltransferase and phosphatidylcholine acylhydrolase (phospholipase) activities in transformed quadruple mutant yeast (Saccharomyces cerevisiae) in vivo or in isolated microsomes (Parthibane et al., 2012b) . The peanut oleosin has the major motifs of HX 4 D of acyltransferases and GXSXG of lipases. The mutant yeast lacks specific acyltransferases for TAG and steryl ester synthesis but possesses many other acyltransferases and acylhydrolases. In view of the above report, we examined the sequences of all oleosins for the bifunctional enzyme motifs (Supplemental Fig. S7A ). Acyltransferases of diverse substrate specificities and organisms in general have the motifs of HX 4 D (forming the active site) and EGT (binding to the substrate glycerol-phosphate moiety and likely lacking in acyltransferases that act on substrates without a glycerolphosphate moiety; Coleman and Lee, 2004; Rajakumari and Daum, 2010; Lazniewski et al., 2011) . Phospholipases and lipases have GXSXG and SDH (the S being that in GXSXG) motifs forming an active site. As shown in Supplemental Figure S7A , most oleosins have only one or two of the four motifs in the N-and C-terminal sequences, and only Arachis.d-SL2 has all four motifs. If present, the HX 4 D motif (and its derivatives) is usually but not always at a defined sequence location in diverse oleosins, whereas the GXSXG, SDH, and EGT motifs distribute randomly along the sequence and without phylogeny restrictions. This observation is exemplified in the six peanut oleosins (Supplemental Fig. S7B ). Only Arach.d-SL2 oleosin has all four motifs; Arach.d-U has one motif of HX 4 D; and the other four peanut oleosins (SH1-SH3 and SL1) have none of the four motifs. In five other legumes (Phaseolus vulgaris, G. max, Medicago sativa, Lotus japonica, and Cajanus cajan), 34 of their 36 oleosins have zero to one of the four motifs, and only Glycins.m-SL1 and P. vulgaris.v-SL2 have two of the motifs (GXSXG and SDH). Arach.d-SL2 oleosin in its 46-residue N-terminal sequence has the GXSXG motif in triplicate (two in tandem, one of which overlaps with the third one) within a 23-residue sequence containing 12 Gly residues (Supplemental Fig. S7B ). Among all oleosins, only six (including Arach.d-SL2) oleosins of distant phylogeny have HX 4 D, GSXSG, and SDH motifs, which distribute randomly along the sequences (Supplemental Fig. S7C ). Four additional oleosins have HX 4 E (instead of HX 4 D), GXSXG, and SDH motifs. Overall, the dissimilarity in sequence positions and the lack of phylogeny restrictions of the motifs among oleosins suggest that the motif sequences, except for HX 4 D in many but not all oleosins, likely arose from mutation of the nonessential and variable parts of the proteins and not from the evolutionary conservation expected of enzymes.
The presence of known catalytic motifs is a minimal prerequisite but does not dictate a protein possessing a certain catalytic capacity, and acyltransferases and lipases need the additional motifs (not searchable reliably from protein sequences) of a hydrophobic pocket and an anion-binding region. Conversely, some acyltransferases and lipases possess the four motifs with minor residue substitutions; these substituted motifs in oleosins would have evaded our searches. Arachis. d-SL2 oleosin, which is amphipathic and contains a hydrophobic hairpin, may act as a fortuitous lipid-binding mediator in transformed yeast cells in vivo and in microsomes in vitro, such that an intrinsic membraneassociated acyltransferase or phospholipase is activated and/or has its substrate specificity modified. This hypothetical mediator activity could be altered when the HX 4 D motif or the N-or C-terminal peptide was removed or after phosphorylation (Parthibane et al., 2012a (Parthibane et al., , 2012b . A demonstration that Arachis.d-SL2 oleosin alone on artificial LDs or liposomes has bifunctional activities of acyltransferase and phospholipase would eliminate the mediator possibility. Overall, oleosins of diverse species and lineages possessing bifunctional activities of acyltransferase and phospholipase activities are likely restricted at most to a peanut SL oleosin, unless they have modified, nonconserved, or novel enzyme motifs that evaded our searches. Many oleosins (except T oleosins) have the HX 4 D motif or its derivatives, which could exert a specific structural or metabolic function or represent a remnant of an acyltransferase in green algae from which oleosin evolved.
CONCLUSION
Numerous bioinformatics analyses of individual gene families of plants and other organisms have been published in recent years. Some of these analyses were carried out with expertise in bioinformatics but minimal consideration of biological relevance. As a consequence, incomplete studies, inappropriate sample selections, biological irrelevance, and unsubstantiated and even erroneous conclusions could occur. Published bioinformatics studies of oleosins are described in the introduction as well as the "Results" and "Discussion" of this report. Our current findings offer major amendments and novel advancements. The amendments include the following. (1) Five oleosin lineages exist, one in green algae and primitive plants, one universal in all land plants, and three in specific organs/ phylogeny of seed plants. These five lineages expand and realign from but include the two to three oleosin lineages described earlier Umate, 2012; Hyun et al., 2013; Fang et al., 2014) . (2) The number of oleosin genes in each of the five lineages usually increased immediately after their evolutionary appearance and phylogeny advancement and then has remained one to four per haploid genome. This finding contrasts with the earlier claim that oleosin gene number continued to increase during evolution . (3) Pollen-interior (U) oleosins and tapetumderived pollen-surface (T) oleosins are of distinct lineages. This finding disagrees with the earlier findings from analyses combining pollen oleosins and flower (tapetum and pollen) oleosins Umate, 2012; Fang et al., 2014) . (4) Intron addition and deletion occurred as sporadic individual events in restricted species or families during evolution. This finding negates the claim of the early accumulation and subsequent elimination of introns in oleosin genes .
More importantly, we have advanced the knowledge and concept of oleosin evolution. We have documented the existence of five phylogenic oleosin lineages. Via the identification of intermediate oleosins of two lineages in species at phylogenic junctions, we have traced the ancestor and descendant of each lineage and the major evolutionary changes. Of species with transcriptome data, we have revealed marked differences in the relative quantitative contributions of individual oleosins (e.g. U oleosins being consistent components but approximately 1% of all oleosins in angiosperm seeds) as well as recognized potential SL and SH oleosin dimers/ multimers. Figure 3C summarizes the evolutionary paths of the five oleosin lineages from green algae to angiosperms. All prokaryotes and eukaryotes have LDs housing storage neutral lipids but use different mechanisms to stabilize the LDs in the hydrophilic cytosol and metabolize them. In green algae, P oleosins first evolved 500 to 250 million years ago, likely from an ER lipid-synthesizing enzyme, such as acyltransferase, for glycerolipid synthesis (Huang et al., 2013b) . The promoter (or other regulatory elements) of this initial gene encoding P oleosin instead of an enzyme would direct the production of only a minute amount of oleosin, as is usually the case of genes encoding enzymes, at a specific developmental stage of lipid synthesis. In the primitive green alga C. reinhardtii, LDs in situ are small and probably have less than 1% of the surface covered with oleosin or an oleosin-like protein (Huang et al., 2013b) . Thus, these LDs in the cytosol would be stabilized by other molecules, most likely storage lipidmetabolizing enzymes, as is the case with yeast LDs, and/or by association with the ER or cytoskeleton or other potential structural proteins (Moellering and Benning, 2010; Peled et al., 2011; Davidi et al., 2012; Vieler et al., 2012) .
Because primitive green algae evolved to become multicellular algae, mosses, and ferns, evolutionary selection favored the production of more oleosins to stabilize LDs via mutations of the gene promoter (or other regulatory elements) to become more active or duplications of the oleosin genes. This trend led to the production of more oleosins and more oleosin genes from primitive green algae (C. reinhardtii) to multicellular green algae (S. grevilleana) and then to mosses (P. patens). In P. patens, oleosins on LDs are much more abundant but still cannot cover the complete surface of the LDs, such that LDs in isolated preparations are larger and irregularly shaped (Huang et al., 2009 ). In advanced mosses, a P oleosin evolved to a U oleosin, and the advanced moss S. moellendorffii and several ferns possess both P and U oleosins (and P-U intermediates). U oleosin acquired a highly conserved C-terminal sequence and has been preserved from advanced mosses to all seed plants, where it occurs at a low level but carries indispensable, unknown housekeeping or other functions. In seed plants, a U oleosin evolved to an SL oleosin, one isoform of which swiftly evolved to an SH oleosin, to form 1:1 SL-SH oleosin dimers/multimers; together, SL and SH stabilize LDs and perhaps perform other functions. SL and SH oleosins are specialized for seed LDs and have eliminated the highly conserved C-terminal peptide of U oleosins. Seeds require a huge amount of oleosins to stabilize the abundant LDs and perhaps aid their metabolism. This requirement is met with continuous mutation of the gene promoter to become more active rather than continuous increase in gene numbers. In Brassicaceae species, an SL oleosin evolved to a T oleosin, whose gene multiplies rapidly to generate tandem repeats in a cluster to produce abundant T oleosins, which are constituents of the plentiful tapetosomes for alkane and flavonoid storage and transfer to the pollen surface. Throughout evolution, there has been a trend of increasing the amounts of oleosins on LDs, from too low to be detected in C. reinhardtii, barely detectable in S. grevilleana, easily detectable in P. patens, to being a predominant protein in seeds (e.g. representing 5%-10% of all seed proteins in Arabidopsis) largely via the enhancement of promoter activity rather than gene numbers.
T oleosins are found only in family Brassicaceae, one of approximately 1,000 plant families. They might not have been discovered or studied intensively had they been present in an obscure plant family instead of Brassicaceae, which includes Arabidopsis and important Brassica spp. crops for seed oils, vegetables, mustards, and other uses. T oleosins may be present, via convergent evolution, in other families or genera (whose genome sequences are not available) to exert a similar important function as in Brassicaceae. Also, oleosins of additional lineages evolved from U, SL, or SH oleosins may exist in specific cells of restricted plant families or genera to perform defined functions related to LDs (a possibility in the oleosin in avocado mesocarp; Supplemental Table S3 ). Alternatively, in these restricted families or genera, the quantity of existing U, SL, or SH oleosins could be greatly enhanced via internal activation of their genes to accommodate uniquely abundant LDs with novel functions.
Analysis of Transcript Levels and Alternative Splicing
To examine the oleosin transcript levels in various tissues, we analyzed the RNA-seq databases downloaded from the NCBI. Their read sequences in the FASTQ format were extracted from the NCBI short-read archive file (.sra files) with the use of SRA Toolkit 2. For Arabidopsis and other species with reference genomes, the reads were mapped to the reference genomes with the use of CLC Genomics Workbench. For Ginkgo biloba and other species without reference genomes, the reads were performed with de novo assembly to generate the reference genomes with the use of CLC Genomics Workbench. The transcript levels were evaluated with CLC Genomics Workbench and quantified into RPKM.
Alternative splicing of individual Arabidopsis oleosin genes was examined in Alternative Splicing in Plants (http://www.plantgdb.org/ASIP/) and The Arabidopsis Information Resource (https://www.arabidopsis.org/).
Composition of Amino Acid Residues in the Oleosin Hairpin Region
Sequences of oleosins for each of the five lineages were aligned with the use of ClustalX version 2.1 (Larkin et al., 2007) , and the hairpin regions were specified according to the alignment. The percentage amino acid residue composition in each position of the hairpin regions among all the oleosins was calculated with Perl script. The results were illustrated as an oleosin protein structure with the amino acid composition at each residue position ( Fig. 3; Supplemental Fig. S1 ).
Oleosin Sequence Identity Calculation
We calculated the sequence identities of the three protein portions (N-terminal, hairpin, and C-terminal sequences) of U, SL, and SH oleosins in Brassica rapa, Oryza sativa, Amborella trichopoda, Pinus taeda, and Pinus pinaster in comparison with the counterparts in Arabidopsis by pairwise alignments of oleosin sequences with the use of the online tool SIAS (http://imed.med.ucm.es/ Tools/sias.html). Protein identity percentage would be 100 for identical residue positions/length of alignments. The protein identity percentage values for the three oleosin portions for each species compared with Arabidopsis were averaged.
Sequence Alignment and Phylogenetic Tree Construction
Full-length amino acid sequences of oleosins were aligned with the use of ClustalW2. Phylogenetic trees were generated by the neighbor-joining method with a distance matrix determined by the Jones-Taylor-Thornton model (Jones et al., 1992) and supported by a bootstrap test of 1,000 resamplings from the sequences in the PHYLIP package (Felsenstein, 2005) and ClustalX. To construct more readable (but not overly detailed) pileups and phylogenetic trees, we used oleosins from selected representative species. For dicots, we used oleosins from the best-studied Arabidopsis; important crop plants including B. rapa, Vitis vinifera, Glycine max, and Solanum lycopersicum (with the smallest angiosperm genome of 63 Mb); and Medicago sativa (a legume with a small genome of 500 Mb). For monocots, we used oleosins from the major cereal crops including Zea mays and O. sativa (both in order Poales); Brachypodium distachyon (with a small genome of 270 Mb in order Poales); and crops with completed genome sequences including Phalaenopsis equestris (orchid in order Asparagales), Elaeis guineensis (oil palm in family Arecaceae), and Musa acuminata (banana in order Zingiberales). For gymnosperms, we used the two species with completed genome sequences, P. taeda and Picea abies. For mosses, we used the two species with completed genome sequences, Physcomitrella patens and Selaginella moellendorffii. For green algae, we used the two species with completed genome sequences, C. reinhardtii and Volvox carteri. For T oleosins in order Brassicales, we used several species in family Brassicaceae of Arabidopsis, a few Brassica spp., Aethionema arabicum (the most primitive Brassicaceae species), and Tarenaya hassleriana and Carica papaya (with completed genome sequences).
K a /K s Ratio Estimation
Pairwise alignments of each oleosin in Brassicales species relative to its oleosin ortholog in Arabidopsis were constructed with the use of ClustalX. After the removal of gaps in the alignments, nonsynonymous substitution rate and synonymous substitution rate were estimated for all oleosin pairs based on the MYN algorithm (Posada, 2003) . The K a /K s ratios were calculated with use of the KaKs calculator (Zhang et al., 2006) .
GenBank accession numbers for RNA-seq databases are as follows: Arabidopsis maturing seed, SRX424386; Arabidopsis flower buds, SRX399566; B. distachyon maturing seed, SRX100692; G. max maturing seed, SRX268039; Z. mays maturing seed, SRX186839; Z. mays root, SRX212604; Z. mays seedling, SRX847137; Z. mays pollen, ERX050572; O. sativa maturing seed, SRX100753; O. sativa leaf, SRX017637; O. sativa root, DRX002020; O. sativa pollen, SRX032239; P. taeda leaf, SRR1200432; P. taeda seedling, SRX497180; P. taeda male flower, SRX497218; P. taeda embryo, SRX497181; P. abies embryo, SRX318124; P. abies leaf, ERX234955; P. abies bud, ERX234963; P. abies male flower, ERX234951; G. biloba leaf, SRX087421; G. biloba seedling, SRX087425; G. biloba root, SRX087422; and G. biloba mature fruit, SRX087424.
Supplemental Data
The following supplemental materials are available.
Supplemental Figure S1 . Occurrence of amino acid residues of defined characteristics along the hairpin of P (18 proteins), U (87), SH (106), and T (48) oleosins on an LD with a monolayer PL.
Supplemental Figure S2 . Pileup and phylogenetic tree of P oleosins from green algae to primitive plants.
Supplemental Figure S3 . Pileup and phylogenetic tree of SL and SH oleosins from representative seed plants.
Supplemental Figure S4 . Pileup and phylogenetic tree of T and other oleosins from Brassicales.
Supplemental Figure S5 . Selective pressures for oleosins in Brassicales species as revealed in K a /K s ratios.
Supplemental Figure S6 . Putative oleosin pseudogenes in two gymnosperms.
Supplemental Figure S7 . Occurrence of acyltransferase and lipase motifs in oleosins.
Supplemental Table S1 . Numbers of oleosin genes and their possession of introns in each of the five lineages in plant and algae species.
Supplemental Table S2 . Transcript levels of U and other oleosins in maturing leaves, roots, flowers/pollen, fruits, and seeds/embryos in representative species.
Supplemental Table S3 . Oleosin and SRPP (equivalent to LDAP) transcripts in avocado, E. guineensis, and H. brasiliensis.
